Dynamical localization, i.e., reduction of the intersite electronic transfer integral t by an alternating electric field, ( ) E w , is a promising strategy for controlling strongly correlated systems with a competing energy balance between t and the Coulomb repulsion energy. Here we describe a charge localization induced by the 9.3 MV/cm instantaneous electric field of a 1.5 cycle (7 fs) infrared pulse in an organic conductor a-(bis[ethylenedithio]-tetrathiafulvelene)2I3. A large reflectivity change of > 25% and a coherent charge oscillation along the time axis reflect the opening of the charge ordering gap in the metallic phase. This optical freezing of charges, which is the reverse of the photoinduced melting of electronic orders, is attributed to the ~10% reduction of t driven by the strong, high-frequency ( / t w ³  ) electric field.
Introduction
Ultrafast control of conduction and magnetic properties in strongly correlated systems [1] [2] [3] has been extensively studied from the perspective of photoinduced insulator-to-metal transitions, or, equivalently, the "melting" of electronic orders [red arrow in Fig. 1(a) ] in Mott insulators, 4 -10 charge ordered systems [11] [12] [13] [14] , and charge/spin density wave materials. 6, [15] [16] [17] [18] [19] [20] Recently, the excitation of coherent phonons has been established as a leading strategy for the melting/constructing of electronic orders. 8, 9, [15] [16] [17] [18] [19] [20] On the other hand, the development of strong electric fields (> MV/cm) of few-cycle optical pulses and recent theoretical studies using dynamical mean-field theory (DMFT) suggest that extreme non-equilibrium electronic states such as Floquet states, negative temperatures, and superconducting states 21, 22 can be achieved.
In highly non-equilibrium phenomena, reducing the intersite transfer integral t by modulating the site energy under strong continuous-wave (CW) 21, [23] [24] [25] [26] and pulsed 22, 26 alternating current (AC) electric fields ( ) E w , shown in Fig. 1(b) , plays an important role. Such an intense modulation of the electronic structure driven by a strong electric field, referred to as "dynamical localization", provides a new strategy for controlling charge motion in strongly correlated materials, which have a competing energy balance between the on-site or intersite Coulomb repulsion and t (ref. 27 ).
Our target material is a layered organic conductor, a-(ET)2I3 (ET:
bis[ethylenedithio]-tetrathiafulvelene), which exhibits a thermal (equilibrium) metal-to-charge-ordered (CO) insulator transition at TCO = 135 K, [28] [29] [30] [31] [32] and a photoinduced (non-equilibrium) transition 14 as illustrated in Fig. 1(a) . Efficient photoinduced insulator-to-metal transitions of > 200 ET molecules/photon have previously been demonstrated. 14 However, the optical response of the metallic phase at T > TCO remains unclear.
In this study, we perform pump-probe transient reflectivity measurements for the metallic phase of a-(ET)2I3 using 7 fs 1.5 cycle infrared pulses. Our results demonstrate the optical freezing of charges or, equivalently, photoinduced charge localization in the metallic phase [blue arrow in Fig.   1(a) ]. We discuss the mechanism on the basis of theories that have been proposed for non-equilibrium states generated by high-frequency CW and pulsed AC fields.
Results
Thermal metal-to-charge ordered insulator transitions.
The optical conductivity in the mid-and near-infrared region in Fig. 2(a) has a clear opening of the CO gap at ~0.1-0.2 eV and a spectral weight transfer to a higher energy at the thermal metal-to-insulator transition. 29, 30 Figure 2(b) shows the steady state reflectivity (R) at 140 K (metal: solid red curve) and 40 K (CO: dashed blue curve). As shown in Fig. 2(d) , at TCO R abruptly decreases for 0.09 eV (open circles) and increases for 0.64 eV (closed circles) as the temperature decreases. Such a large change (80% at 0.64 eV, 60% at 0.09 eV) in R at the metal-to-insulator transition directly corresponds to the opening of the CO gap and the transfer of the spectral weight to a higher energy of the optical conductivity, 29,30 as shown in Fig. 2(a) . Although the C=C vibration energy is near the CO gap, 29,30 the vibrational contribution can be detected separately after td >50 fs, i.e., the WL spectra at td =80-120 fs indicated by the red curve in the inset of Fig. 4(b) shows a dip at ~0.15 eV (which equals the vibration peak of the optical conductivity at 140 K 29,30 in the inset) reflecting the destructive interference between charge motion and vibration. 33 Therefore, the intense 20 fs oscillation detected before the appearance of the charge-vibration interference dip is attributed to the oscillation of the CO gap. Such CO gap oscillation has been detected in the precursor step to the CO melting, 33 although the amplitude was much smaller (<1 % of the DR/R signal) than the present case. Because of the ultrafast decay within 50 fs (corresponding to the energy scale of / 50 fs  =0.08 eV) of the photoinduced state, we cannot verify the insulating gap below 0.1 eV. However, the gap-like spectral shape at 0.1-0.2 eV, as described above, clearly indicates that the charge motion on the corresponding energy scale is frozen as if the charge distribution on the ET molecules were analogous to that in the CO insulator. In this limited sense, the CO gap is regarded as opened.
Considering that the charge-vibration interference dip appears after the photoinduced charge localization occurs, the vibration-induced mechanism is ruled out, i.e., the charge localization is driven by the electronic interaction, although vibration may play some role in stabilizing the transient CO state.
Here Fig. 4(a) , assuming that the negative component grows exponentially along the time axis [the dashed red curve in Fig. 4(a) ]. The resultant positive component exhibits a non-linear increase as a function of E0, as shown in Fig. 5(b) .
In non-equilibrium states induced by a strong AC field ( ) w E , t is reduced for CW 21,23-25 and pulsed 22, 26 light. According to the dynamical localization theory [23] [24] [25] [26] for a CW AC field, the effective t (= t') can be represented as,
where t0 is the transfer integral for zero field. Here, To demonstrate the instability of the metallic phase induced by this 10% change in t, we roughly estimated the change of TCO by changing t. illustrates that the change in TCO (= DTCO/TCO) is proportional to the decrease in t (=-Dt /t), indicating that a 10% change in t causes a 12% change in TCO from 135 K to 152 K. Thus, TCO increases across the measured temperature (138 K).
For our experimental conditions (< 12 MV/cm), 1/t' (in units of 1/t0) shows a non-linear dependence on E0, [red curve in Fig. 5(b) ]. This non-linear dependence of 1/t' on E0 is consistent with the relation between DR/R and E0
[closed circles in Fig. 5(b) ]. Considering that R reflects the metal-to-insulator transition [ Fig. 2(b) ], it is reasonable to assume that DR/R is proportional to the efficiency of the transient charge localization. As such, the E0 dependence of DR/R, can be described by 1/t'.
According to recent studies on sub-cycle asymmetric pulses, 22 the momentum shift of the band structure is given by the "dynamical phase"
However, in the present case, this is estimated to be
, and is too small to cause a detectable momentum shift. Such shift would be detected if the width of the asymmetric pulse were shorter than ~3 fs at this wavelength.
Another problem lies in the mechanism driving the reduced t , which should be applicable to events before the excitation ends, i.e., ~7 fs. The reason why the photoinduced CO persists for ~50 fs after the 7 fs pulse is unclear at the moment. Further experiments and theoretical considerations will be needed to clarify this issue.
In summary, this report demonstrates a large reflectivity increase (> 25%) and a coherent CO gap oscillation along the time axis indicating the opening of a CO gap by the 9.3 MV/cm electric field of a 1.5 cycle, 7 fs near-infrared pulse in an organic conductor a-(ET)2I3. The plausible mechanism for such a dramatic change in the electronic state is the reduction of t (~10%) driven by this strong high-frequency field.
Methods
Sample preparation. Single crystals of a-(ET)2I3 (2 × 1 × 0.1 mm) were prepared using a method described in a previous study. 28 7 fs infrared pulse generation. A broadband infrared spectrum for the 7 fs pulse covering 1.2-2.3 mm, shown by the orange curve in Fig. 2(a Transient reflectivity measurements. We performed transient reflectivity experiments using both 7 fs and 100 fs pulses. The excitation photon energies for 7 fs and 100 fs pulses were 0.6-0.95 eV (7 fs) and 0.89 eV (100 fs),
respectively. In the transient reflectivity measurement using a 7 fs pulse, the probe pulse reflected from the sample was detected by InGaAs detector 
